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Aging is often described as an extremely complex process affecting all of the vital parameters of an individual. In this article, we review
how understanding of aging evolved from the first analyses of population survival to the identification of the molecular mechanisms regulating
life span. Abundant evidence implicates mitochondria in aging and we focus on the three main components of the mitochondrial theory of
aging: (1) increased reactive oxygen species (ROS) production, (2) mitochondrial DNA (mtDNA) damage accumulation, and (3) progressive
respiratory chain dysfunction. Experimental evidence shows a relationship between respiratory chain dysfunction, ROS damage, and aging in
most of the model organisms. However, involvement of the mtDNA mutations in the aging process is still debated. We recently created a
mutant mouse strain with increased levels of somatic mtDNA mutations causing a progressive respiratory chain deficiency and premature
aging. These mice demonstrate the fundamental importance of the accumulation of mtDNA alterations in aging. We present here an integrative
model where aging is provoked by a single primary event leading to a variety of effects and secondary causes.
D 2004 Elsevier B.V. All rights reserved.Keywords: Mitochondria; Oxidative stress; Mitochondrial respiratory chain; Aging; Life span; DNA damage1. Introduction
Whereas aging usually describes all changes (deleterious
or not) associated with age, we will use a more specific
definition in this review: Aging is a deleterious, progressive,
and intrinsic phenomenon in an organism and all individuals
that do not succumb due to accidental death will be affected
in species that age [1].
1.1. What is aging?
In the 18th century, Lamarck formally separated the two
major classes of death: accidental death (diseases, predation,
accidents) vs. natural death (aging). He postulated that aging
is due to intrinsic causes. A major breakthrough in the under-
standing of aging came one century later whenWeismann [2]
hypothesized that normal cell activity is damaging for the
organism and leads to its destruction either directly or
indirectly (increased susceptibility to accidental death).
Weismann also proposed that the ‘‘soma’’ (the organism) is0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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gametes).
1.2. Aging, from measures to models
Studies of aging have given rise to a large number of
theories or models [3]. This diversity is explained by the
possibility to study aging at different levels, e.g., in a
population, an organism or a single cell, and by the enormous
number of parameters changing with increasing age. One of
the most direct ways to study aging is to construct the
survival curve of a genetically uniform aging population in
a protected environment. The curve will have a biphasic
shape (Fig. 1A) because the occurrence of death is very rare
during early adult life (linear part of the curve), whereas a
drop in the number of surviving individuals is observed in
late adult life (sigmoid part of the curve) [4]. A plot of the
mortality rate as a function of time (Fig. 1B) creates a typical
exponential curve as discovered by B. Gompertz [5,6].
Interestingly, the transition between the two parts of the
curve corresponds with the acquisition of sexual maturity.
This transition is a key feature of aging, namely once an
individual has played a role in species preservation, the
selective pressure for survival of the individual decreases
Fig. 1. Schematic representation of aging in a population. (A) Survival
curve of a hypothetical aging population. The time scale indicates the
percentage of maximum lifespan. (B) Gompertz transformation of the
preceding survival curve on a semilogarithmic scale.
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until reproduction has occurred, but not for long-term sur-
vival [11–13]. This principle has been confirmed by several
experiments in Drosophila melanogaster [14–19]. It has
been postulated that limited availability of energy explains
why reproductive capacity is favored at the expense of
organismal maintenance [20–22]. A negative correlation is
observed between the number of children and the life span of
the mother in humans [23–25]. There is a positive correlation
between efficiency of DNA repair systems and survival [26–
29] with better DNA maintenance in the germ line [30–32].
The proposal that energy production per se is a limiting factor
for survival is very old [33–35], and a negative correlation
between energy metabolism and life span is observed in
mammals [36–38]. The involvement of mitochondrial func-
tion in aging [39,40] is supported by the fact that normal
energy production by the mitochondrial respiratory chain
leads to the formation of ROS and therefore may result in an
accumulation of damage during life [41]. Damage to mito-
chondrial DNA (mtDNA) may cause a deterioration of the
respiratory chain function with perturbed electron flow and a
further increase in the formation of ROS. This process would
result in a vicious circle with an exponential increase of the
mtDNA damage over time, eventually leading to cell deathand organismal aging. The proposed mitochondrial involve-
ment in aging is dependent on at least three different
mechanisms: (1) increase in ROS production, (2) accumula-
tion of the mtDNA mutations and (3) age-associated deteri-
oration of the respiratory chain function.2. Aging and mitochondrial oxidative stress
2.1. Global measures of oxidative damages
It is very difficult to directly quantify ROS levels due to
their short life span, their low concentration, and the
existence of cellular scavenging systems. Many reports have
established a correlation between aging and accumulation of
ROS-modified molecules such as lipofuscins in a variety of
organisms from fungi [42] to humans [43]. Adducts caused
by lipid peroxidation also accumulate with age [44] as do
oxidative damages to proteins (loss of -SH groups, protein
carbonylation) and DNA (8-oxoguanine) [45–48].
2.2. Inter- and intraspecies comparisons
ROS production is dependent on metabolic activity. An
inverse correlation between life span and metabolic activity
is observed when comparing a large number of species [36].
However, there are exceptions, e.g., birds have a very high
metabolic activity associated with longevity, whereas insects
show a low metabolic activity and short life span. At least
some of these inconsistencies can be explained if the effi-
ciency of the ROS-eliminating systems in different organ-
isms is taken into account [49]. Poikilotherm organisms,
such as flies, do not regulate their body temperature and their
metabolic activity is dependent on ambient temperature. In
flies, a decrease in life span can be induced by an increase of
ambient temperature [50]. The decreased life span correlates
with increased oxygen consumption and increased ROS
production. Confinement reduces the motor activity of flies
and increases life span concomitant with a reduction
in lipofuscin accumulation [50]. Furthermore, different lab-
oratories have been able to obtain long-living Drosophila
strains [17,18,51,52] by selecting the progeny to females
with late development of fertility. Such selected individuals
show an improvement of oxidative stress resistance [53–55].
The selection of strains with short life span from strains with
long life span results in decreased SOD and xantine dehy-
drogenase (XDH) activities as well as increased sensitivity to
oxidizing agents [56]. It should be noted that derivation of
long-lived fly strains is also associated with abundant alter-
ations of energy metabolism, which makes it difficult to
estimate the impact of oxidative stress [57–59].
2.3. How oxidants and antioxidants affects longevity
A theoretically simple way to assess the effect of oxida-
tive stress in aging is to test the effects of pro- or antioxidant
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increases significantly life span in nematodes [60], Parame-
cium [61] and the diphtheria Zapronius paravittiger [62]. In
Zapronius, this increase correlates with reduced lipid perox-
idation and increased levels of SOD and catalase. Nutritional
complementation with methionine [63] also increases life
span in Zapronius [64]. In the nematode Caenorhabditis
elegans, hyperoxia as well as paraquat reduces average life
span [65]. Glutathione (GSH) addition to the culture medium
of Podospora anserina slightly increases life span (13%) and
strongly reduces (30 times) the lipofuscin concentration [66].
However, other drugs such as chloramphenicol or ethidium
bromide are much more efficient in increasing the life span
of P. anserina (200–1100%) and it therefore seems that
oxidative stress only plays a minor role in regulating life
span. Consistent with this suggestion, it has been reported
that several antioxidant treatments do not prolong the life
span of mice [60,67–69]. Unfortunately, intervention studies
are open to major critique: (1) the quantity of the agent
entering the cell is generally unknown and (2) the subcellular
localization of the agent is usually unknown. The latter
problem can perhaps be circumvented by the use of antiox-
idants designed to specifically target mitochondria [70,71].
Some protective effects of such targeted antioxidants have
been demonstrated [72,73].
2.4. Control of gene expression
Manipulation of the expression of genes encoding ROS
scavenging enzymes should help define the importance of
mitochondrial oxidative stress in aging. The inactivation ofFig. 2. Onset of ageing in P. anserina. Schematic representation of aging in an ind
young (A) or late in his life (B). (A) Clones derived from the young individual have
the strain to which they belong (dashed red). The 5 days of growth before cloning
individual 5 days before his death. The survival expectancy of these clones is exac
strain (dashed red). An irreversible and progressive aging process has thus been act
in many other organisms) always follows this scheme.the cytoplasmic form of superoxide dismutase (Cu/Zn-
SOD or SOD1) or the mitochondrial superoxide dismutase
(Mn-SOD or SOD2) increases the sensitivity to oxidative
stress and reduces viability and life span [74,75]. Over-
expression of SOD2 has no effect on life span or accumu-
lation of mitochondrial oxidative damage over time in
Drosophila [76]. Similarly, overexpression of catalase [77]
has no noticeable effect on life span in Drosophila.
Constant overexpression of SOD1 reduces life span in
flies, whereas transient SOD1 expression in young insects
increases life span [78,79]. Interestingly, simultaneous
overexpression of SOD1 and catalase leads to a 30%
increase of life span in Drosophila [80]. Construction of
transgenic files overexpressing the human SOD1 in moto-
neurons [81] leads to a 30% increase in life span. One
explanation for the different effects caused by general and
tissue-specific overexpression of the same enzyme can be
that oxidative agents control important regulatory cellular
functions [82,83]. For example, constitutive overexpression
of SOD1 in mice leads to developmental defects and
functional abnormalities in certain tissues [84,85], whereas
genetic inactivation of SOD2 leads to grave pathology with
some features consistent with accelerated aging [86,87].
In the nematode C. elegans, many longevity mutations
have been isolated [88] and they mainly affect two comple-
mentary regulatory pathways (Fig. 2). The age-1 and daf-2
genes are involved in an ‘‘insulin-like’’ signal transduction
pathway. These two genes block the activity of the transcrip-
tion factor encoded by daf-16 [89]. Reduced activity of either
daf-2 or age-1 genes dramatically increases life span ( + 70–
100%) [90,91]. The daf-2 gene encodes an insulin-receptorividual P. anserina culture. Clones were collected when the individual was
a survival expectancy (dashed green) identical to the survival expectancy of
did not shorten their survival expectancy. (B) Clones derived from the same
tly 5 days (green) and thus much shorter than the survival expectancy of the
ivated between day 5 and day 15. Normal aging in P. anserina (and probably
E. Dufour, N.-G. Larsson / Biochimica et Biophysica Acta 1658 (2004) 122–132 125protein homolog [92], whereas age-1 encodes a homolog of
the mammalian phosphatidylinositol-3-OH-kinase [93]. The
increased life span of daf-2 and age-1 mutants is associated
with an increased activity of the SOD2 [94] and cytosolic
catalase (CTL-1) [95] as well as increased resistance to UV
light and to extracellular oxidizing agents [96–98]. In
addition, the metabolic activity is reduced [99] and there
are major changes in gene expression [100–102].
The second group of genes controlling life span in
C. elegans is represented by clk-1 [103]. This gene is ex-
tremely conserved in eukaryotes. The yeast homolog denoted
Coq7 is an important regulator of metabolism [104] and
mitochondrial activity [103]. Coq7 regulates multiple meta-
bolic processes such as mitochondrial biogenesis, respira-
tory chain complex synthesis, and gluconeogenesis [105].
Loss of Coq7 prolongs the different stages in C. elegans
development and increases life span by 50% [106]. The
principal hypothesis to explain these physiological effects
of clk-1 is that it decreases oxidative stress by reducing
metabolic activity [103]. In Drosophila, reduction of the
‘‘insulin-like’’ signaling also increases life span and resis-
tance to oxidative stress [107]. The pituitary-specific tran-
scription factor 1 (pit1dw) and pituitary ontogeny factor (df )
homozygous mutant mice are deficient in growth hormone,
thyroid-stimulating hormone, and prolactin hormone syn-
thesis. They show increased life span [108], reduced insulin
signaling [109], increased resistance to oxidative stress [110],
and up-regulation of catalase and SOD2 activities [111].
Similarly, growth hormone releasing hormone receptor
protein (Ghrhrlit) mutant mice [112], growth hormone
receptor/receptor binding protein (GRH/BP) knock-out
mice [113], and insulin like growth factor type 1 receptor
(igf-1r+/  ) mutant mice [114] have increased life span and
reduced GH/IGF-1 signaling [115–117]. Knock-out of
p66shc (involved in Ras and p53 signal transduction) in mice
increases life span, decreases sensitivity to oxidizing agents,
and reduces oxidative-stress-induced apoptosis [118–121].3. Aging and mtDNA alterations
It is now well established that the mitochondrial
genomes accumulate alterations (deletions, rearrangements,
or point mutations) with age in humans [122–124],
monkeys [125], mice [126], rats [127], nematodes [128],
and fungi [129]. A minimal threshold level of 50–95%
of mutated mtDNA (depending on the type of mutation)
is necessary to impair respiratory chain function in a
cell [130,131]. The so-called common deletion of 4977 bp
is often observed in different tissues of aged humans. This
deletion has been suspected to play a role in aging but its
levels varies between 0.001% [132] and 0.3% [133] in
humans more than 70 years old. In P. anserina, some
unstable mitochondrial sequences dramatically reduce over-
all mtDNA stability and aging is systematically associated
with mtDNA rearrangements involving these sequences.However, stabilization of the most unstable mtDNA se-
quence has marginal effects on life span [134].
3.1. The tip of the iceberg
High levels of a single precise mutation of mtDNA are
sufficient to cause pathology in mitochondrial diseases. In
contrast, aging is associated with many different somatic
mtDNA mutations, which collectively may impair mito-
chondrial function according to the ‘‘tip of the iceberg’’
hypothesis. The search for alterations on the genome using
the polymerase chain reaction (PCR) led to the identification
of more than 200 individual mtDNA deletions in cardiac
tissue of a 90-year-old patient [135]. The age-associated
accumulation of specific mtDNA point mutations has been
studied by quantitative PCR [48,136] and each mutation
affects approximately 0.1% of the mtDNA copies. In situ
hybridization studies and PCR analyses of single muscle fiber
segments have shown that mtDNA mutations often accumu-
late clonally during aging and that this accumulation
often correlates with cytochrome c oxidase (COX) defi-
ciency [137,138]. A higher mutational load is found in
COX-deficient muscle fibers in comparison with normal
muscle fibers of the same individual [139]. It is likely that
clonal accumulation of mtDNA mutations will endanger
the survival of affected cells, but it is unclear how this
clonal accumulation will affect life span of the whole organ-
ism [140]. Accumulation of specific point mutations in the
control region of mtDNA that reach 30–50% of the total
mtDNA molecules are found in old humans [141,142], but
it is not known if these mutations will affect cellular sur-
vival [143]. Some of these mutations are located in critical
mitochondrial promoter sequences and in vitro transcription
assays [144] with mutated templates should clarify if mito-
chondrial transcription is affected.
3.2. Mechanisms for accumulation of mutated mtDNAs
Exponential accumulation of mutated mitochondrial
genomes during life [39,40,129] suggests that there is a
preferential replication or a changed turnover of the mutant
genomes. One of the simplest hypotheses relies on the fact
that many mutated genomes are smaller and therefore may
have a replicative advantage [145]. However, most of the
available experimental data are consistent with other
explanations [146]. In yeast and higher eukaryotes,
mtDNA is inherited as a protein–DNA complex called
the nucleoid [147–149]. Interestingly, the major compo-
nents of this nucleoid are very similar in human, Xenopus,
and S. cerevisiae mitochondria [150,151]. Abf2 is a major
component of the yeast nucleoid and a member of the high
mobility group domain (HMG) box protein-family involved
in DNA packaging [152]. Abf2 is not required for replica-
tion or transcription of yeast mtDNA but Abf2 protein levels
directly regulate mtDNA copy number in the yeast [153].
The mammalian mitochondrial transcription factor A
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copy number in mammals [154,155]. In addition, TFAM is
an essential component of the mtDNA transcription ma-
chinery [144].
Abf-2 and the yeast mitochondrial RNA polymerase
(RPO41) are essential for maintenance of wild-type (U+)
mtDNA [156] but not of rearranged (U ) mtDNA
[153,157]. Mgm101 is a component of the S. cerevisiae
nucleoid and is part of the ‘‘mitochondria-driving complex’’
[158–160], which links mtDNA and mitochondrial mem-
branes to the actin-associated segregation machinery [159].
Interestingly, Mgm101 is essential for maintenance of U+
and of some U mtDNA genomes, but not for maintenance
of hypersuppressive U mtDNA [161]. One explanation
for this discrepancy could be that the nucleoid controls the
mtDNA replication whereas a separate segregation machin-
ery regulates mtDNA transmission [162]. Escape from
either of these two control systems could be a general
mechanism for accumulation of mutated mtDNA.
In humans, mtDNA mutations accumulate preferentially
in the noncoding region of the D-Loop [143]. This phe-
nomenon has previously been attributed to lack of selective
pressure but an alternative explanation is that some of these
mutations may provide a replicative advantage [163]. Muta-
tions in the mtDNA origin of replication could lead to
segregation deficiencies. Hsp60 is a component of the yeast
nucleoid and it binds to the mtDNA origin of replication
(ori) and controls segregation of ori-containing mtDNA
molecules [164].
In yeast, mutants that have lost the F0 module of the ATP
synthase accumulate mtDNA deletions and this phenotype
can be suppressed by mutations of the F1 module [165].
Impaired F0 function causes protons to leak through the
mitochondrial membrane without promoting synthesis of
ATP. This will result in lowered membrane potential, a
potentially lethal condition, and survival is therefore depen-
dent on the selection of mutants that block the proton
leakage. In principle, several mtDNA alterations could
provide a selective advantage by compensating for the loss
of mitochondrial membrane potential. Classical experiments
indicate that ROS production is minimal in normal respiring
mitochondria (state 3 respiration), whereas ROS production
increases when respiration decreases due to reduced ADP
concentrations (state 4 respiration). It can therefore be
expected that respiratory chain dysfunction in most cases
will increase ROS production. However, it has been hy-
pothesized that some cases of age-associated respiratory
chain dysfunction may lead to decreased production of
ROS and that such mitochondria may persist for a long
time because of slow turnover [166].
Genetic alterations of mtDNA repair pathways are prob-
ably one of the best ways to test the involvement of mtDNA
alterations in aging, but such experiments face several
difficulties: (1) it is difficult to specifically target the
mitochondrial repair activity because the same gene is often
used to encode both the nuclear and the mitochondrial repairenzymes; (2) knock-out of one repair enzyme may have no
phenotype because of redundancy; (3) overexpression of a
repair protein may be inefficient because a cascade of
activities are often necessary to achieve repair. The repair
and degradation of mtDNA has been reviewed recently
and it was concluded that none of the existing mouse
models with defective mtDNA repair showed respiratory
deficiency [167]. It is interesting to note that several
mtDNA repair enzymes and the mtDNA polymerase itself
are sensitive to oxidative stress [168–171]. Recent results
from our laboratory show that expression of a proofreading-
deficient mtDNA polymerase in a homozygous knock-in
mouse strain leads to increased levels of somatic mtDNA
mutations, which, in turn, cause a progressive respiratory
chain deficiency and premature aging phenotypes [172].
The mice have a three- to fivefold increase of somatic
mtDNA mutation levels and develop symptoms strikingly
reminiscent of aging. It is thus clear that the collective effect
of a variety of somatic mtDNA mutations can cause aging.
In mitochondrial diseases, high levels of a single mtDNA
mutation cause pathology, whereas during aging a slow
accumulation of intermediate levels of mtDNA mutations
could control life span. These results provide genetic
evidence for a direct cause and effect relationship between
somatic mtDNA mutations and mammalian aging pheno-
types [172].4. Aging and respiratory chain deficiencies
The mitochondrial respiratory chain is a major site for
generation of ROS and at least 1% of the total mitochon-
drial respiration using pyruvate as a substrate leads to
oxygen radical production and, as a consequence, hydrogen
peroxide (H2O2) formation [173]. The main sites for super-
oxide production are complex I and to a lesser extent the
ubiquinone binding sites of complex II and III [174–176].
The ROS production is tissue-, species-, and substrate-
dependent [175,177,178]. Chemical inhibition of complex
I or III cause a dramatic increase in ROS formation,
indicating that impairment of respiratory chain function is
indeed harmful for the cell. Several studies of the mito-
chondrial respiratory chain function in humans and ani-
mals have demonstrated an age-related decrease of
respiration [179–181] and of ATP synthase activity [182].
However, this correlation has been questioned by others
who found no significant variation of respiratory function
with age [183–185]. Additional support for an age-related
decline of respiratory chain function is provided by the
demonstration that the amount of COX-deficient muscle
fibers increase in healthy aging humans [186].
4.1. Genetic alterations of the respiratory chain
Strong genetic evidence exists in favor of a fundamental
role for the respiratory chain in controlling the ‘‘rate of
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elegans leads to a 50% increase in life span. The CLK1
protein is responsible for the final step in the synthesis of
ubiquinone, an essential transporter of electrons between
complexes I/II and III. Removal of coenzyme Q from the
diet of the nematode increases its life span to the same
extent as the clk-1 mutation [187]. Disruption of any step
of the ubiquinone biosynthesis pathway also increases life
span and decreases ROS production [188]. In C. elegans,
the isp-1 mutation affecting the iron–sulfur protein of the
complex III dramatically increase life span and slows
development [189]. A suppressor mutation for isp-1 is
located in the cytochrome b gene encoding another complex
III subunit. This mutation normalizes development in isp-1-
deficient worms but it does not affect the prolongation of
life span. In P. anserina, two final acceptors of oxygen
coexist in the mitochondrial membrane: the alternate oxi-
dase (AOX) and the COX. Inactivation of AOX does not
affect life span [190], whereas COX inactivation consider-
ably increases life span (3000%). The increased life span is
associated with decreased ROS production and reduced
mtDNA alterations [191]. A recent systematic RNAi screen
in C. elegans showed a 10-fold overrepresentation of
mitochondrial genes, in particular complex I, III, and IV
subunits, among the genes whose inhibition extended life
span [192]. Specific inhibition of several electron transport
chain and ATP synthase subunits can significantly increase
the life span of C. elegans [193].
4.2. Protection and degradation of the mitochondrial
proteins
Chaperones are essential elements of the protein mainte-
nance machinery and assist protein folding after damage, de
novo protein synthesis, as well as mitochondrial protein
import [194]. Overexpression of the Hsp70 chaperone
extends life span in Drosophila [195] and Hsp70 has been
implicated in oxidative stress resistance [196]. A compari-
son of global gene expression patterns in daf-2 mutant and
daf-2;daf-16 double mutant worms [101] showed that
increased expression of the Hsp16-1, Hsp-70, and Hsp-90
chaperones correlated with longevity.5. Perspectives
5.1. Aging could be the consequence of a simple and
irreversible event
Analyses of survival curves from aging populations
show that the percentage of the population that will die
increases exponentially with time. The survival curves are
in principle consistent with the suggestion that aging is
caused by a single event that has a constant probability
of appearance and a delayed onset. Several lines of ex-
perimental evidence support this simple explanation, e.g.,studies of subclones expanded from a growing P. anserina
individual. Clones derived from a young adult individual
have a survival expectancy that is identical to the survival
expectancy of the strain to which they belong (Fig. 2A).
However, the situation is different in clones collected later
in the life of the same individual. These clones always die
at the same time as the individual from where the clones
were derived (Fig. 2B) [197]. It is thus apparent that a
life-limiting mechanism has been turned on between
young and late adult stages. Recent observations from C.
elegans suggest that similar model also can describe aging
in this organism. Inhibition of respiration with RNAi in
young nematodes prolongs life span whereas it does not
affect life span in adults [193]. It is tempting to imagine
that an irreversible aging process has been activated in
adults.
5.2. ROS formation has the properties to be the cause of
aging
There are several reasons to suggests that ROS forma-
tion may be a major determinant of aging: (1) ROS are
permanently produced by the normal cell activity; (2) ROS
are highly reactive molecules and can generate very
diverse damages, which could explain the diversity of
age related alterations; (3) manipulation of respiratory
chain function have major effects on longevity as expected
if ROS regulate life span; (4) manipulation of antioxidant
defenses have strong effects on longevity; (5) caloric
restriction prolongs life span and causes decreased ROS
production accompanied by increased expression of anti-
oxidant defenses; (6) most regulatory pathways that pro-
long life span also affect substrate supply to the
respiratory chain and/or protection against ROS-induced
damages.
5.3. The accumulation of ROS could be due to simple
‘‘vicious cycles’’
The autocatalytic process leading to ROS-induced cell
damage requires very few components. Normal respira-
tion leads to ROS production, which can damage the
respiratory chain proteins and lead to even more ROS
production. Whereas this mechanism is not irreversible
per se, it can spread to other respiratory chains and lead
to oxidative bursts. Damage caused by oxidative bursts
could be fixed in different ways and alter cellular
function by causing: (1) long-term aberrant regulation
of gene expression or by (2) direct alteration of the
function of cellular compartments, e.g., deleterious effects
caused by lipofuscin accumulation. We have recently
demonstrated that long-term accumulation of intermediate
levels of mtDNA mutations in mice causes accelerated
aging [172]. Accumulation of mtDNA mutations may
therefore constitute a way to promote ROS damage
during aging.
et Biophysica Acta 1658 (2004) 122–1325.4. ROS damage could have long-range effects
de Grey [198] has proposed mechanisms to explain how
local mitochondrial dysfunction can affect other compart-
ments with normal mitochondrial function in an organism. It
is also possible that ROS damages will create clusters of
dysfunctional cells and that aberrant responses from these
cells can induce long distance regulatory effects that pro-
mote aging. Consistent with this hypothesis, it has been
observed that a brief, but high-intensity stress applied to
young flies reduces their life span [199] whereas low-
intensity stress applied early in life result in an increased
life span [199,200]. This demonstrates the possibility of
long-term reprogramming of the organism due to a transient
signal [201]. The insulin-like signaling pathway is a major
determinant of aging in many organisms and thus it is a
potential target for a ROS-induced regulation responsible
for aging.
In conclusion, a large number of experiments suggest
that ROS production by the respiratory chain may be a key
determinant of aging. The production of ROS and their
escape from antioxidant mechanisms may be fixed by
several mechanisms in a cell. In some instances, this could
irreversibly affect important functions of the cell without
causing cell death. Accumulation of such dysfunctional cells
will slowly lead to death of the organism.
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